Toxoplasmosis is a zoonotic disease of worldwide distribution. The parasite exhibits strong geographical 11 patterns of strain variation with contrasting high levels of diversity across South America and restricted 12 variation across North America. Little is known about the diversity of strains in the transitional area between 13 the two continents. Here we present data on the prevalance and diversity of Toxoplasma gondii in the 14 Yucatan peninsula of Mexico, through a study in commercially reared pigs. A survey of 12 farms found 15 evidence of circulating T.gondii DNA in 125 of 632 blood samples (19.8%, CI: 16.7%-23%). In addition, 46 16 tongue samples were collected from culled animals and 16 of these were positive for T. gondii DNA and 3 17 were positive in mouse bioassay. PCR-sequencing was used to generate genotyping data from blood and 18 tissue samples. Four loci (SAG1, 2, 3 & GRA6) were reliably amplified and revealed a high diversity among 19 Yucatan strains with evidence of recombination and novel alleles. Sequencing data from the four loci was 20 achieved in eight samples each of which had a different genotype. The predominant allelic type was atypical, 21 in relation to the dominant strain types (I, II, III), the number of allelic variants being 27 (I, II-III, u-1-25), 20
Introduction

31
Toxoplasma gondii is an Apicomplexan parasite of worldwide distribution which can infect nearly all warm-32 blooded vertebrates. Humans are infected through ingestion of sporulated oocysts, which contaminate the 33 environment, or from undercooked meat that contains tissue cysts. The parasite is genetically diverse and is 34 currently classified into 16 haplogroups which show clear geographical patterns of distribution with the 35 dominant presence of a few clonal genotypes in Europe and North America (Lorenzi et al., 2016) . In North
36
America most isolates fall into haplogroup 2 and 3 together with some presence of strains from haplogroup 1 37 and the recently described haplogroup 12. The southern continent has a very different population structure 38 represented by haplogroups 4, 5, 8, 9, 10 and 15 with highly diverse genotypes characterised by many novel 39 alleles inherited in new combinations which are not found in other regions of the world (Frazão-Teixeira et 40 al., 2011 , Rajendran et al., 2012 , Dubey and Su, 2009 , Lehmann et al., 2006 , Pena et al., 2008 .
41
It is interesting to question how this striking variation in parasite diversity is maintained by investigating the 42 boundary between the two continents to see whether diverse southern haplotypes are present and to what 43 extent gene flow occurs. The Yucatan peninsula, located in the south of Mexico, was selected for the present 44 study because it represents part of this interface between the North and South continents.
45
A few studies have investigated the genetic diversity of the parasite in Mexico but have been mainly 46 focussed on the northern part of the country. In patients with congenital toxoplasmosis in Mexico state, 47 clinical samples from four mother-child pairs were genotyped by Restriction Fragment Length 4 two abattoirs. Pigs slaughtered at the abattoirs were destined for human consumption. Blood and tongue 84 samples were also collected from six 16-17 week old pigs euthanised in one of the farms (farm A) due to 85 poor growth and respiratory problems. One cat from the same farm was also culled by the farm veterinarian 86 as part of a measure to control the high population of cats and its brain and heart were collected for bioassay.
87
In addition to the pig sampling, 
96
Porcine tongues and feline brain and heart tissue were processed and digested with pepsin according to a 97 protocol by Dubey (1998). Following the pepsin digestion, the sediment was mixed with 5 ml of saline that 
105
increase the sensitivity of T. gondii detection in blood, DNA was extracted from the leukocyte layer 106 (Brenier-Pinchart et al., 2015) . To isolate the leukocyte fraction, uncoagulated blood was centrifuged at 5 in 200 μl of phosphate buffered saline (PBS) for DNA extraction. Tissue DNA was extracted by dissecting 111 30-50 mg of the specific organ and in the case of porcine tongues, DNA was also extracted from the pellet of 112 the digested homogenate using the same weighing portion.
113
DNA was extracted with the Qiagen DNeasy Blood and Tissue Kit following the manufacturer instructions.
114
DNA concentration and purity were measured by spectrophotometry (Nanodrop 1000).
115
The diagnosis of T. gondii in blood and tissues was carried out using SAG1N-PCR (Su et al., 2010) .
116
Seventy-seven SAG1 PCR products obtained from rat tissues, mouse brain, pig tissues and blood were 117 prepared for sequencing. PCR products were purified using the kit Wizard® Gel and PCR clean-up system 118 (Promega) and sent to the company Source Biosciences where samples were processed for Sanger 119 sequencing. Both forward and reverse strands were sequenced for all samples.
120
Due to the high number of swine blood samples, only pigs raised in 6 of the 12 farms were used for 121 genotyping purposes.
122
Successfully sequenced samples, for the SAG1 marker, were then amplified with SAG2 and GRA6 primers 123 and any sample which had amplified with more than one genetic marker was then tested with SAG3.
124
Samples which had amplified with these four genetic markers were tested with additional probes (3' SAG2, 
127
The amplification and reaction conditions were performed as described elsewhere (Su et al., 2010, Su et al., were stored in small aliquots and filter tips were used in every step. PCR products were manipulated in a 6 separate room from the PCR set up room. PCR amplifications were visualised with GelRed TM (Biotium) 140 staining on a 1% TBE (Tris-borate-EDTA) gel with 1% to 2% of agarose (Bioline) depending on the 141 fragment size to resolve and processed for sequencing as described before. 
195
PCR-sequencing of additional loci was attempted with the samples for which sequencing data for the four 196 loci was achieved (Table 1) . 3'SAG2, 5'SAG2, BTUB, PK1, C22-8, C29-2, L358, Apico, UPRT1 were 197 successfully sequenced for both pig53 and cat1, which were named as TgPigMx1 and TgCatMx6 based on 198 previous publications. In addition, UPRT1, UPRT7, EF1 and HP2 sequence was generated for TgCatMx6.
199
TgCatMx6 was an atypical genotype with mixed Type I, II, III and atypical alleles. TgPigMx1 was also 200 atypical but with a combination of Type I and III alleles and one atypical allele ( 
214
Genotypes were clustered into haplogroups and thereby associated with geographical areas (Figure 2 shows 215 the NJ phylogram). Clusters A, B, C and D were composed almost exclusively of South American isolates 216 (haplogroups, 4, 5, 8, 9, 10 and 15 
230
Results from this study have shown a higher genetic diversity of T. gondii in Yucatan than in other areas of
231
Mexico as the genotypes found in this study were not shared by more than two samples and clonal types 232 were rare. Of the 33 genotypes successfully sequenced with three or more loci, only two were shared by two 233 samples, the remaining genotypes were unique. Only one genotype had Type I alleles at all three loci 234 sequenced SAG1, SAG2 and SAG3 and the remaining genotypes were observed to be mixed types I/u-(n),
235
I/III/u-(n), I/III, I/II/u-(n), I/II/III/u-(n) and I/II alleles. A total of seven RFLP genotypes have been obtained 236 in previous studies in Mexico (Dubey et al., 2009 , Alvarado-Esquivel et al., 2011 , Rico-Torres et al., 2012 237 Dubey et al., 2013) from a total of 16 isolates. The clonal Type III genotype seemed more common in the 238 other studies in Mexico and was present in 4 isolates (Dubey et al., 2009 ). However, in these studies, the 239 genetic diversity could be underestimated as RFLP has lower power in resolving identities than MLST.
240
Genetic diversity of the T. gondii strains from Mexico was higher than in isolates from the USA, where 241 clonal types were predominant and unique genotypes were less frequently found. 
261
Genotyping of 48 isolates from chickens in Nicaragua, also using RFLP at the loci SAG1, SAG2, SAG3,
262
BTUB and GRA6, revealed eight genotypes. Six isolates had Type I alleles, three isolates had Type II alleles 269 al., 2012 al., , Hamilton et al., 2017 . Theories have suggested that the Type II lineage probably originated in
270
Europe, was brought to South America and eventually expanded to become dominant in these countries.
271
Of the 64 novel SNPs found in the present study, seven were shared by two samples each (SAG1, GRA6 and 272 SAG2 loci), one was shared by three samples (SAG2 locus), one was shared by 11 samples (SAG2) and the 273 remaining SNPs were each found in a single sample. The frequency of novel SNPs suggested that these 274 genotypes were divergent from the classic Type I, II and III lineages. Due to the importance of SAG and
275
GRA genes in parasite survival, these are considered conserved sequences which may be subject to selective 276 pressure (Manger et al., 1998) . One SNP named as u-4 in the present study was a non-synonymous mutation 277 11 at the SAG2 locus which leads to a change in an amino acid and could be indicative of positive selection 278 (Bontell et al., 2009) . It is interesting that this mutation is shared by 11 animals suggesting it could be a 279 successful allele which may be frequent in Yucatan but more studies are needed to investigate this finding.
280
The presence of more than one allele for a given locus is characteristic of a mixed infection with two 281 different T. gondii strains (Ajzenberg et al., 2002) . Infections with multiple strains have also been reported in 282 sheep (Ajzenberg et al., 2002 ), humans (Aspinall et al., 2003 ), pork, lamb and beef (Aspinall et al., 2002 , 
297
Canada, and USA (Dubey et al., 2011a , Dubey et al., 2011b , Mercier et al., 2011 , Khan et al., 2014 (Dubey et al., 2009 , Dubey et al., 2013 , USA (Dubey et al., 2011a , Velmurugan et al., 2009 311 2011b) and South America (Rajendran et al., 2012) . This study is the first report on T. gondii strains in 312 Southern areas of Mexico but further research is needed for a much clearer classification of the genotypes 313 found in this geographical area in relation to the adjacent north and south parts of the continent.
314
SAG1 NPCR was used in this study to investigate the frequency of T. gondii DNA in pig blood and tissue 315 samples and showed high levels of infection. The 34.8% of PCR prevalence in pig tongues is consistent with 316 data obtained in a previous study in Yucatan (Hernandez-Cortazar et al., 2016) and in Northern areas of
317
Mexico (Alvarado-Esquivel et al, 2012 , Alvarado Esquivel et al., 2015 . A combination of both, digested 318 and non-digested methods, produced higher levels of detection of T. gondii DNA (38.2%) than by using only 319 digested (32.3%) or non-digested (17.6%) samples. In a similar study in Brazil, a higher PCR prevalence was 320 also was obtained by using both methods (47.1%) than using only digested (24.2%) or non-digested (36.4%) 321 (Oliveira et al., 2004) .
322
T. gondii was isolated from 7.5% of the 40 bioassayed pigs suggesting that pork consumption could be a risk 323 of T. gondii transmission in the locality of Yucatan. In Galván-Ramírez et al., (2010) , bioassay was carried 324 out in the 48 cuts of pork but slightly lower levels of isolation success (2.1%) were obtained. Nevertheless,
325
isolation studies that assessed meats from stores have obtained, in general, lower success rates of T. gondii 326 isolation than studies which used meat from abattoirs, where maybe the meat was fresher (Hill et al., 2004) .
327
Data from the present study suggested that rodents could be involved in the cycle of transmission of T. 
